A c c e p t e d M a n u s c r i p t
Introduction
Accidental release of flammable gas or vapour into a cloud may produce a combustible fuel-air mixture. In such a situation a deflagration wave can be triggered if a suitable ignition source is present. It may subsequently lead to high overpressure in the presence of confinements and obstructions. Gaseous explosion hazards often lead to the destruction of buildings, off-shore plants and process industries. The damage caused by the initial overpressure is generally more severe than the ensuing fires. Explosions in process industries are often highly complex, and predicting the produced overpressure for safety guidance could be a challenging task. In the final report of the Buncefield incidence (Powell, 2008) , for example, the investigation board estimated that 700 to 1000 mbar of overpressure would have been generated in the Northgate and Fuji car parks of the site, based on the degree of damage to the adjacent buildings. However, overpressure calculation using available simple models largely underestimated the case, giving only up to about 50 mbar in a similar A c c e p t e d M a n u s c r i p t environment. This indicates the uncertainties in the overpressure predictions and the complex mechanism involved in the explosion at the Buncefield scenario.
Parameters such as maximum explosion overpressure and its time of incidence are important for design engineers and safety managers. Hence, there is a growing need for prediction and risk assessment tools for the safe design of many industrial structures and processes. However, the timing and magnitude of overpressure in explosions depend on various conditions including the type of the fuel (Alharbi et al., 2014) , the stoichiometry (Alharbi et al., 2014) , ignition location (Rocourt et al., 2014) and the configuration of obstruction (Ibrahim et al., 2009; Na et al., 2017) , etc. Thus, accurate prediction and assessment of explosion is a challenging task.
There have been several early attempts to use simple correlations and formulas for predictions of explosion pressures in compartments (Bjerketvedt et al., 1997) .
However, the typical weakness with such formulas is that they do not take into account turbulence generation and flame acceleration, therefore, the results can be an order of magnitude different from experiments (Bjerketvedt et al., 1997) . Numerically solving a simplified series of governing equations is another approach to obtain pressure history in simple vessels (Chippett, 1984) . Very recently, a computational platform has been proposed to account for various vent sizes and container shapes in vented explosions (Ugarte et al., 2016) . The main advantage of such numerical calculations is the much cheaper computational cost compared to 3-D numerical simulations and they also account for simple flame shapes and geometries. However, as a typical explosion in process industries often involves obstacles such as complex pipes racks or congested plants, such zero-dimensional models are generally unable to consider the effects of obstacle-generated turbulence and flame stretch.
Applying computational fluid dynamics (CFD) in process and plant safety is a relatively new research field. Thanks to the improvements in computational technology and resources, CFD is becoming a more attractive and reliable tool as an alternative to experiments in process industries. Reynolds-averaged Navier-Stokes A c c e p t e d M a n u s c r i p t (RANS) methods have been applied in studying explosions for safety-related structures (Birkby et al., 2000; Catlin et al., 1995; Popat et al., 1996) . While RANS-based method remains as the major numerical tool in explosion-related studies, the accuracy is generally not sufficient and a certain degree of tuning of model parameters is usually required. Although it is computationally more expensive, the large eddy simulation (LES) technique is emerging to be applicable to simulate unsteady flows in practical industrial devices. Explosions in vessels with obstacles are highly unsteady and often involve complicated flow patterns such as shear layers and recirculation zones, and LES is expected to provide more promising predictions compared to RANS. There have been a few studies of explosion-related scenarios where simulations have been performed using LES (Chen et al., 2017; Di Sarli et al., 2009; Ibrahim et al., 2009; Wen et al., 2012) .
The central matter of using LES in safety-related studies is the inclusion of submodels for the closure of the filtered chemical source term. The issue is that the flame thickness is generally smaller than the LES grid size, meaning combustion needs to be modelled completely. One solution is to introduce a spatial filter larger than the mesh size to resolve the filtered flame on LES (Boger et al., 1998) . It generally involves solving a transport equation for the filtered reaction progress variable with the source term modelled using the flame surface density (FSD) approach. The original Boger et al. (1998) algebraic FSD model has been refined subsequently to include the control of filtered flame thickness and reproduction of laminar propagation speed when turbulence effects diminish (Boger and Veynante, 2000) . A dynamic procedure (Wang et al., 2012) was also proposed recently in which the subgrid-scale (SGS) part of the flame wrinkling is evaluated dynamically. The dynamic flame surface density (DFSD) model was first proposed in simulating a growing turbulent flame kernel and it is further adapted for present explosion study. It is advantageous because the model coefficient is self-adjusted depending on the wrinkling of the resolved flame. This is considered beneficial in safety-related simulations as an explosion is highly dynamic and the flame can transit from initially laminar to fully A c c e p t e d M a n u s c r i p t turbulent in the presence of obstacles. Furthermore, since explosions can occur in both small and large scales, the DFSD model is expected to perform better compared with the more common algebraic models where the model parameter may require tuning from case to case.
The ultimate purpose of this research is to develop LES sub-models and tools for realistic explosion scenarios where the scales can range from several meters to hundreds of meters. It is thus essential to ensure that LES can capture all phases of an explosion event and the starting point is to study a small-scale experiment of vented explosion (Alharbi et al., 2014) . The first objective of this paper is to investigate the mechanism of pressure rise and flame acceleration in vented explosions with obstacles using LES. The second is to assess the capability of LES and the DFSD model in capturing the unsteady explosion behaviours and predicting essential safety-related parameters. Calculations of a wide range of obstacle arrangement in the explosion chamber are performed to explore aspects such as the effects of location and number of obstacles as well as the level of blockage. The present work aims to provide detailed information of a typical vented deflagration including overpressure history, flame speed, flame/turbulence interaction and venting effectiveness, which can be further used in the design and assessment of buildings and process plants. The computational setup presented in this paper may also be extended to large-scale and more complex cases of the vented explosion that typically occur in the processing industries. In addition, it may be further applied to calibrate existing or provide new engineering correlations and models in the industry to better understand and predict turbulence-driven explosions.
Experimental test case
The experimental test case from the Sydney combustion group (Alharbi et al., 2014) is used here for model validation and analysis. The schematic diagram of the laboratory-scale explosion rig is shown in Figure 2a .
The 50 × 50 × 250 mm chamber is square in cross-section and has a volume M a n u s c r i p t M a n u s c r i p t of 0.625 L. It can accommodate three baffle plates positioned at 20 mm, 50 mm and 80 mm from the base to create varying degree of blockage (obstruction). Each baffle plate, a schematic of which is also shown in Figure 2b , consists of five 4-mm wide strips each with a 5-mm wide space spreading them throughout the chamber, creating a blockage ratio of 0.4. Downstream of the baffle plates, a further solid obstruction with a square cross-section may be placed with its bottom surface kept at 96 mm from the base. Two solid obstacles can be used, a small one with a crosssection of 12 × 12 mm or a large one with a 25 × 25 mm cross-section. The blockage ratios of the two square obstructions are 0.24 and 0.5, respectively. This chamber is of specific interest due to its smaller volume and its capability to hold a deflagrating flame, resulting from the strong turbulent environment generated by solid obstacles at different downstream locations from the closed bottom end.
The present study focuses on the liquefied petroleum gas (LPG). It constitutes 95% C 3 H 8 , 4% C 4 H 10 , 1% C 5 and other hydrocarbons by volume. Thus, LPG has been approximated by its dominant component (propane) in the LES simulations.
In the experiments, the stoichiometric fuel-air mixture is injected and allowed to rest. Hence, the initial turbulence level is considered low. Subsequently, the quies- A c c e p t e d M a n u s c r i p t baffles at the first two locations near the ignition end and a small solid square obstacle. Family 1 intends to investigate the effects of increasing the number of baffle plates starting from one baffle furthest from the ignition point (configuration 00BS, 0BBS and BBBS), while family 2 is to study the impact of increasing baffle plates starting from one plate closest to the ignition point (configuration B00S, BB0S
and BBBS).
Numerical setup
This section provides the basic setup for the simulations performed in this paper.
It focuses on the DFSD model and an effective way of providing the profile of the initial flame kernel. The full governing equations and other numerical details for simulations in this paper can be found elsewhere (Kirkpatrick et al., 2003) and only a brief description is given here.
The dynamic flame surface density model
The structure of a premixed flame and the thermochemical state of the gas mixtures are commonly represented by a single progress variable c. It may be defined by the normalised fuel mass fraction, temperature, etc. so that c = 1 in the fully burned gas and c = 0 in the fresh unburned gas, under the assumption of single-step chemistry and unity Lewis number (Bray et al., 1985) . In LES, the filtered transport equation forc is (Boger et al., 1998) ∂ρ c ∂t
The filtered reaction rate term,ω c , may be modelled as (Boger et al., 1998) 
by introducing the subgrid-scale flame surface density Σ. The flame surface density is generally determined from an additional transport equation (Hawkes and Cant, A c c e p t e d M a n u s c r i p t 2000) or modelled using algebraic expressions (Boger et al., 1998; Boger and Veynante, 2000) . In this work, the Boger et al. (Boger et al., 1998; Boger and Veynante, 2000) parabolic algebraic expression is retained as
where ∆ is the filter width and Ξ ∆ is the subgrid-scale flame wrinkling factor. Note that ∆ should be larger than the mesh size ∆ x (typically ∆ ≥ 5∆ x ) so that the filtered progress variable gradients can be well resolved on an LES grid (Boger et al., 1998; Mercier et al., 2015) . ∆ = 6∆ x is used in present study. The c-equation
adopted for the present study is (Boger and Veynante, 2000; Wang et al., 2012) :
where the modified diffusion term is included to control the filtered flame thickness and to reproduce the correct laminar propagation speed in the absence of subgridscale turbulence effect (Boger and Veynante, 2000; Ma et al., 2013; Mercier et al., 2015) .
The SGS flame wrinkling factor Ξ ∆ measures the ratio between total and resolved flame surfaces locally and the Wang et al. dynamic model (Wang et al., 2012 ) is used for the present investigation:
where the inner cut-off scale δ c (Gülder and Smallwood, 1995; Knikker et al., 2002) is prescribed by the user and should be of the order of the laminar flame thickness,
0 L is used . The model parameter β is determined dynamically by comparing the test-filtered and resolved A c c e p t e d M a n u s c r i p t flame fronts (Wang et al., 2012; Veynante and Moureau, 2015) :
where ∆ is the width of the test filter. Here, the test-filtering ( · operator) and the spatial-averaging ( · operator) procedures are carried out using a Gaussian filter (Boger et al., 1998; Wang et al., 2012) . The test-filter and averaging-filter widths are set as ∆ = 1.1∆ and ∆ m = 1.5 ∆, respectively . The unstrained laminar burning velocity and flame thickness are set as S 0 L = 39.0 cm/s (Metghalchi and Keck, 1980 ) and δ 0 L = 0.37 mm (Wang et al., 2012) , respectively, for the stoichiometric propane/air mixture.
Flame kernel initialisation
Ignition is stoichiometric propane/air mixture is performed using a detailed chemical reaction mechanism, GRI 3.0 (Smith et al., 1999) in a specialised software, FlameMaster (Pitsch, 1998) . Note that the resulting flame profile is thinner than the mesh size of LES. Hence, a one-dimensional Gaussian filter (Fiorina et al., 2010 ) is employed to obtain the filtered progress variable c under specified LES filter size ∆. Finally, a semi-spherical flame kernel is imposed at the ignition point of the chamber and the A c c e p t e d M a n u s c r i p t initial radius of the burned gases is set to 3 mm for all flow cases.
Solution details
LES computation has been carried out using the structured in-house code PUF-FIN (Kirkpatrick et al., 2003 ). The DFSD model described above has been successfully implemented and tested in PUFFIN. Simulations are performed using an initially stagnant propane/air mixture of equivalence ratio 1.0.
The computational domain of the explosion chamber has dimensions of 50 × 50 × 250 mm. It is adequately extended to 325 mm in x, y and 500 mm in the z direction. A non-reflecting boundary condition (Kirkpatrick et al., 2003) is applied on the boundaries of the extended domain, in order to minimise the effect of reflected pressure waves on the pressure field inside the chamber.
The chamber domain constitutes 85 × 85 × 423 cells in the x, y and z directions, respectively. The cells within the chamber are distributed uniformly, giving a grid size of ∆ x ≈ 0.59 mm. The mesh size is chosen to ensure that the filtered flame thickness is smaller than the gaps between the strips of the baffle plates. Outside the explosion chamber, the grid is expanded toward the far-field boundaries to save computational time. Adiabatic and no-slip boundary conditions are employed on the chamber bottom and side walls with the 1/7th power law wall function of Werner and Wengle (Werner and Wengle, 1993) used to calculate the shear stress at the solid wall. Subgrid-scale turbulence is modelled using the dynamic Smagorinsky eddy viscosity model (Germano et al., 1991) .
Conservation equations for scalars use second-order central difference scheme for diffusion terms. SHARP (Leonard, 1987) is used for advection terms of the scalar equations to avoid problems associated with oscillations in the solution. CrankNicolson scheme is used for the time integration of scalar equations. Further details of the numerical scheme are given in (Kirkpatrick, 2002) .
Three numerical grids have been studied in order to examine the solution dependence on the mesh resolution. However, only the results of the fine grid are presented in this paper. The quality of LES for present grid resolution is charac-M a n u s c r i p t terised according to Pope's criterion (Pope, 2004) . It is ensured that at least 80% of the total turbulent kinetic energy is resolved in the majority of the flame region, considering the fully turbulent phase of the explosion in configuration BBBS. All the LES simulations are performed on an HP Z420 workstation with an Intel Xeon 3.5 GHz processor. Under the current grid resolution, a run for the case BBBS (the most turbulent and time-consuming) requires 408 CPU hours until the leading edge of the flame exits the explosion chamber.
Results and discussions
The results of stagnant, stoichiometric propane/air explosion deflagrating flames in a range of configurations are presented and discussed in this section. The first aim is to demonstrate the mechanism of pressure rise in vented explosions. The focus is on the advantage and potential of using LES in providing adequate information in order to aid safe design in relevant process industries, e.g. computation of gas expansion and venting rates can help optimise the design of vents in industrial buildings to minimise major destruction caused by high overpressure. The second aim is to assess the ability of LES and the implemented DFSD model in capturing key characteristics of explosion dynamics and predicting the essential safety-related parameters such as the peak overpressure in the chamber. A particular interest is to analyse the underlying physics associated with flame-solids interactions and illustrate the effects of number and location of obstructions in selected configurations.
Qualitative study of flame propagation
This section aims to illustrate the typical flame behaviours occurring in vented explosions with repeated obstructions. M a n u s c r i p t maximum viewable height but not the whole explosion chamber (Alharbi et al., 2014) . Note that the right-hand side of the LIF-OH images appear blank because the laser sheet is blocked in the corresponding region (Al-Harbi, 2013 plotted within the envelope to view the pressure trend and mean peak overpressure from experiments. Lastly, as there is a slight shift in time due to the variability in the ignition for each run, the variation in the time to reach the peak (referred to as "time-to-peak") is indicated in Figure 6 . Experimental mean pressure trace is placed according to the averaged times taken to reach the peak. Predicted LES pressure is also plotted to compare with the experimental data.
It can be seen from Figure 6 that LES with the DFSD model is able to correctly predict the trend and magnitude of overpressure compared with experiments.
The calculated time instant for the peak overpressure also matches the experiments well. Furthermore, the predicted maximum overpressure is in good agreement with experiments. This is encouraging because the peak pressure is one of the most important parameters used in the safe design of buildings and equipment. It can be observed that the trend of overpressure rise is similar for all the three configurations in family 1. It is apparent that following ignition, the pressure grows in a fluctuating manner but remains relatively low (less than 10 mbar) in the initial period of the explosion. Then, it increases sharply up to the peak pressure and the process is almost monotonic. Thereafter, the overpressure begins to drop, and it oscillates towards the atmospheric pressure due to acoustics. It should be noted that considering the computational time and practical importance, calculated magnitudes of subsequent weak pressure peaks are not validated in the present study. Figure 6 also shows the impact of number of baffle plates and their positions with respect to distance from the ignition bottom. Evidently from both LES and experiments, increasing the number of baffles gives rise to increased turbulence, faster flames and shortens the time to reach the peak pressure. Generally, the maximum overpressure also increases when extra baffle plates are added from 00BS to BBBS. From experiments, the magnitude of the peak pressure increases by about 52% when an additional baffle is added upstream of the third one, i.e. from 00BS to 0BBS, which is also excellently reproduced by LES. Interestingly, although configuration BBBS gives the highest overpressure level as expected, the relative growth is considered between the baffle and square obstacle allows the flame to relaminarise before it reaches the central obstacle. This results in a noticeable small increase in the pressure history after the flame passes the first baffle. Encouragingly, LES is able to reproduce the first pressure peak for this case though there is a slight time difference against the experiments. Similarly, for configuration BB0S, the separation between the second baffle and the obstacle allows the flame to relaminarise. Therefore, it can be concluded that the distance between the baffle plate and the ignition source controls the pressure level and the global flame propagation. It is worth mentioning that relaminarisation can occur in a deflagration if the distance between adjacent obstructions is sufficiently large. Another interesting observation is that for case BB0S only, there is a noticeable small pressure peak when it is dropping at around 10 ms. The weak peak has been found to occur when the flame is located between the central obstacle and the chamber exit, which is also reproduced by LES. From the numerical perspective, the instantaneous increase in overpressure can be reflected by the sudden rise in the flame wrinkling factor or global burning rate within A c c e p t e d M a n u s c r i p t the chamber. As mentioned before, there could be trapped unconsumed fresh gases upstream and downstream the obstructions after propagating past them and they may be a large source of turbulence depending on the configuration. Therefore, the subsequent consumption of a relatively large amount of trapped unburned mixture may contribute to the weak overpressure rise after the main pressure peak in configuration BB0S. However, further experimental and numerical investigations of flow and flame structures around this weak peak are needed for a complete explanation. Notable discrepancies are found in case B00S and 0B0S where they are overestimated by ∼ 20 mbar. It is noted that slight over-prediction in peak pressure is also present in several other configurations (e.g. 000S and BB0S). This may be partly due to the neglect of the chamber heat loss as a result of the adiabatic boundary condition on the walls of the chamber. However, as the flame/wall interactions and heat transfer in a highly unsteady explosion event are not well understood, the present treatment is thought to be effective.
Comparing Figure 10 with Figure 11 , it can be seen that the time to peak and the magnitude of the pressure peak are not always negatively correlated. For instance, the maximum pressure of case 0BBS is almost twice that of BB0S, but the incidence time for the latter is more than 2 ms faster, as indicated by both LES and the experiment. This may be explained by the difference in the flame front location where the main pressure peak is reached. The study of obstacle arrangement within the chamber (Figure 11 ) also shows that the optimal case for producing internal pressure is the BBBS configuration which has three baffles and a square obstacle. 
M a n u s c r i p t
In this case, the flame stretches to a high level as it passes the three successive baffles, which is a result of high level of turbulence caused by the baffle plates.
The resulting increase in burning rate leads to acceleration of flame propagation.
Therefore, a large amount of pressure builds up over the obstacles thus a very high peak pressure occurs.
Calculations and analysis of a range of configurations using LES have been proved to be successful in predicting the maximum overpressure and exploring aspects such as the effects of location and number of obstacles as well as the level of blockage. It may be concluded that in an explosion, the impact of the number and location of obstacles on the timing of the pressure peak is very complex and simple correlations may not be applicable. The promising results and details from LES in the smallscale explosion chamber suggest the possibility of extending the study to large-scale industrial buildings with complex obstacles.
Gas expansion and venting in the explosion chamber
This section aims to explicate the mechanisms associated with the accumulation and release of the chamber internal pressure. The goal is to illustrate the link between the overpressure history and the flame propagation for explosions in a vented enclosure using LES. Configuration BBBS is used here as a demonstration and the analysis can also be extended to all other cases. Figure 12 presents the spatial distribution of the internal overpressure at five instants from the LES. As pressure is found to be nearly homogeneous in the cross-section of the explosion chamber, only the axial profiles are given. It can be seen from Figure 12 that the pressure remains nearly uniform in the region of obstacles while there is a negative gradient from the most downstream obstruction towards the chamber exit (250 mm). As expected, the maximum internal pressure is located near the closed end of the chamber where ignition takes place. Hence, the overpressure monitored on the chamber base is considered for the analysis and discussion in the rest of the section. gases and venting at the chamber exit. The rate of gas expansion can be represented by the rate of volume change of the fresh unburned gases with the burned gases. In LES, this may be calculated froṁ
where ρ u and ρ b are the densities of unburned and burned mixtures, respectively.
The volume occupied by the burned gases, V b , can be evaluated by integrating c over the entire computational domain Ω: V b = Ω c dV (Wang et al., 2012) . The venting rate is computed as the volume flow rate across the chamber exit:
where u and n are the velocity and its normal direction, respectively. period before decreasing, as a result of burning of the remaining fresh gases at the corners of the chamber and in the wake area of the obstructions. In the meantime, the venting rate is adjusted by the acoustic reflection, and consequently, pressure drops and oscillates towards the atmospheric level. As shown in Figure 13 , both venting and expansion rates decrease in an alternative manner after the flame leaves the chamber, generating weak peaks observed in the pressure history from LES. The oscillations of overpressure after the first peak reproduced by LES agree with the frequency observed in experiments (not shown in this paper) (Al-Harbi, 2013) . The computation of these oscillations is closely related to the size and the velocity boundary condition of the extended computational domain which resembles the external M a n u s c r i p t atmosphere. However, reliable prediction of pressure oscillations due to acoustics is outside the scope of this study. The discussion here primarily aims to demonstrate the identification and quantification of venting and expansion processes related to the whole overpressure history in an explosion event.
In general, current numerical setup for LES performs excellently in capturing the details of pressure build-up and fluctuations. The evaluation of venting effectiveness from LES reveals the direct effect of chamber length and inbuilt obstructions on overpressure evolution. This analysis is of specific interest since it potentially offers a systematic and efficient way of design parameter studies such as chamber length, locations, and sizes of the vents for effective pressure relief in safety-related assessment.
Effects of obstacle-generated turbulence
The previous discussion has highlighted that the blockage level, relative position and number of obstructions and venting effectiveness influence the explosion overpressure and flame propagation. The objective of this section is to physically understand the effects of solid obstacles in the vented explosion using detailed flow and flame information provided by LES. Figure 14 shows the snapshots of flame propagation in configuration BBBS at t = 5.2, 7.5, 8.6, 9.1 and 9.6 ms on the mid-plane of the chamber. In the figure, the flame front can be identified from the iso-line denoted byc = 0.5 and the turbulence structures may be seen in the vorticity contour field. In practice, the fresh gas and Sq.Ob. downstream even though the flame is still at B1. However, turbulence is still relatively weak compared to the later stages. At t = 7.5 ms, the wake area behind the second and third baffles has grown significantly, and the propagating flame front is stretched by the resulting vortices. At this instant, the most intense recirculation appears near the vertical sides of the central obstacle. Since B3 and Sq.Ob. are relatively close, a strong turbulent flow field is generated between them, as can be seen from the snapshot at t = 8.6 ms. Thereafter, the flame front vigorously interacts with the turbulent eddies of the region. This largely wrinkles the flame front, expand the flame surface and consequently, raise the burning rate. After t = 9.1 ms when it passed the square obstacle, the flame has become wrinkled and corrugated and the peak overpressure occurs subsequently. At t = 9.6 ms, even if there is no more obstruction downstream, turbulent structures in this region support the deflagration and the flame still accelerates until exiting the chamber. However, the level of flame/turbulence interaction may not increase any further.
A c c e p t e d M a n u s c r i p t Figure 15 : LES snapshots of flame propagation for configuration BB0S at times 4.6, 7.2, 8.3, 9.0 and 9.7 ms following ignition, from left to right. Vorticity field and isoline ofc = 0.5. Figure 15 shows the same snapshots for configuration BB0S as a comparison.
Comparison between the two configurations (BB0S and BBBS) shows that the introduction of obstructions in the path of the flame clearly increases the turbulence throughout the chamber. The level of turbulence for configuration BB0S is generally lower than BBBS in various phases of the explosion, as shown in Figure 14 and Figure 15 . Besides the difference in flow pattern and flame front structure, the absence of the third baffle greatly reduces the vorticity magnitude especially in the wake of the square obstacle. Thus, the flame can relaminarise before touching the central obstacle. Consequently, the interactions between the flame and the vortices are much weaker, resulting in a significantly lower (by ∼ 50%) peak overpressure.
After passing the square obstacle, a considerable less wrinkling and surface area of the flame can be observed, when changing the configuration from BBBS to BB0S.
The snapshots in Figure 14 and Figure 15 clearly identify that the vortex cores and turbulence interacting with the flame front greatly affect the flame behaviour. The overpressure history has been associated with the evolution and competition of two phenomena inside the chamber: expansion and venting. Identification and quantification of the mechanisms driving the pressure build-up using LES potentially provide a systematic and effective way of studying venting efficiency for safe design of vents in process industries.
The obstacle-generated turbulence is responsible for the large overpressure and the underlying physics are illustrated by the LES results. Generation of vortices and turbulence from the obstacles have been observed throughout the explosion. It has been identified that an explosion event may involve various stages considering the level of flame/turbulence interactions. In the early quasi-laminar stage, the flame propagation is relatively slow, and the resulting overpressure remains low. While in the later fully turbulent stage, the flame front strongly interacts with the surrounding turbulent eddies and is subsequently wrinkled, and it significantly contributes to the pressure build-up. Therefore, accurately reproducing the flow dynamics in all phases of the explosion is essential to perform reliable LES.
In conclusion, the pressure rise in a vented explosion is driven by the relationship between combustion and venting. The timing and the magnitude of the peak over-M a n u s c r i p t pressure are strongly dependent on the level of flame/turbulence interaction which originates from the number and location of obstructions. LES is a useful tool for illustrating and quantifying mechanisms of pressure build-up in an obstacle-embedded environment that are generally encountered in real gas explosions. Although it still relies on the sub-models used in the simulation, it is promising in predicting essential safety-related parameters.
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